Normally, about half of the ciliary ganglion neurons in 8-day-old chick embryos die before day 14 in ovo. However, when dissociated ciliary ganglion neurons were prepared from either 8-or 14-day-old embryos and grown in cell culture with skeletal myotubes, essentially all of the neurons survived for at least 3 weeks. Many of the neurons formed functional synapses on myotubes under these conditions; some neuromuscular synapses could be detected as early as 20 hr after addition of the ganglion cells to muscle cultures. In contrast, most neurons from 8-day embryos survived for only a few days when grown alone on either polyornithine-or collagen-coated dishes. These results suggest that neurons destined to die in ovo can be rescued when grown in cell culture with myotubes and that under these conditions the neurons develop and express differentiated properties.
The chick ciliary ganglion contains two major neuronal cell types: choroid neurons that establish cholinergic synapses on smooth muscle in the choroid layer, and ciliary neurons that form cholinergic synapses on striated muscle in the iris. Landmesser and Pilar (1) found that about half of the neurons in both the choroid and ciliary populations die between days 8 and 14 in ovo. Prior to the period of cell death, ganglionic neurons receive synaptic input from preganglionic fibers and extend axons into the periphery (1, 2) . Ganglionic neurons are thought to establish synapses on muscle in the periphery at about the time of cell death. This, together with the observation that ablation of the periphery reduces the number of surviving neurons (3), led to the suggestion that formation of appropriate connections with target cells may be necessary for neuronal survival (2) . Similar inferences have been drawn from studies of other neuronal populations that undergo cell death (for a review, see ref. 4) .
Dissociated ciliary ganglion neurons grown in culture with muscle cells would provide a convenient system for examining the role of postsynaptic cells in affecting the survival and development of presynaptic neurons. Hooisma et al. (5) and Betz (6) have shown that whole ciliary ganglia can be maintained in explant cultures and that they will innervate skeletal myotubes under such conditions. Recently, Helfand et al. (7) reported methods for preparing dissociated ciliary ganglion neurons and maintaining them in uitro for periods of several days in the presence of heart-conditioned medium. We report here that dissociated ciliary ganglion neurons prepared from 8-day-old chick embryos survived for weeks when grown in cell culture with skeletal myotubes and that many of the neurons formed cholinergic synapses on the myotubes. No decline in neuronal cell number was observed with culture age, and more neurons survived than would be predicted from neuronal cell counts in ganglia from older embryos. These observations raise
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MATERIALS AND METHODS Preparation of Cell Cultures. Ciliary ganglia from 8-day [stage 32 (8) ] and 14-day (stage 40) chick embryos were dissociated into a suspension of single cells by incubating the ganglia in 0.1% crude trypsin in a Ca2 , Mg2+-free salt solution for 20 min at 370 and then dispersing the cells by repeated trituration through a fire-polished pasteur pipet. This procedure routinely yielded about 1.2 X 104 cells per ganglion from 8-day embryos. Because neuronal cell counts from intact ganglia indicated that only 0.6 X 104 neurons are present in the ganglion at this age (see Results), presumably half of the dissociated cells were of non-neuronal origin. This is consistent with the observations that the number of neurons found in culture is equivalent to about half of the cells initially plated and that non-neuronal cells can be seen to proliferate in cultures seeded with ciliary ganglion cells.
Three types of cultures were prepared: dissociated ciliary ganglion cells grown with myotubes and ganglion cells grown alone on either polyornithine-or collagen-coated dishes. Polyornithine-and collagen-coated dishes were prepared as described (7, 9) . Muscle cultures were also prepared as described (9) except that trypsin was omitted from the incubation in Ca2 , Mg2+-free salt solution, and the cells were added to collagencoated dishes at 2.0 X 105 per 35-mm dish. After 48 hr, the plating medium (see below) was replaced with medium containing 10-5 M cytosine arabinoside to eliminate the rapidly dividing fibroblasts (9) . After an additional 48 hr, the cytosine arabinoside medium was replaced with new plating medium. The muscle cells were allowed to "condition" the medium for 1-3 days before the ciliary ganglion cells were added to the culture. Ganglion cells were allowed to attach and grow for 24 hr before the medium was placed; subsequently, the medium was replaced at 2-to 3-day intervals. When ciliary ganglion cells were grown alone, it was necessary to use conditioned medium for neuronal survival (7) . For convenience, heart-conditioned medium was used in most experiments (see below).
Media and Chemicals. Plating medium consisted of Eagle's minimal essential medium supplemented with 10% (vol/vol) horse serum, penicillin (50 units/ml), streptomycin (50 Ag/ml), and 5% (vol/vol) chick embryo extract. Medium containing 2% (vol/vol) embryo extract was used to feed neuron-myotube cultures 4-5 days after the neurons were plated; medium with 2% extract was also used to make the cytosine arabinoside medium for treating muscle cultures. Heart-conditioned medium was prepared in the following manner. Minced fragments of heart tissue from 8-day-old chick embryos were treated with Abbreviation: PSPs, postsynaptic potentials. Eagle's minimal essential medium, Earle's balanced salt solution, horse serum, fetal calf serum, glutamine, penicillin, streptomycin, essential amino acid mix (50X), essential vitamin mix (100X), and crude trypsin were purchased from Microbiological Associates. Polyornithine, cytosine arabinoside, and d-tubocurarine were purchased from Sigma. Bungarus multicinctus venom was purchased from Miami Serpentarium; a-bungarotoxin was purified as described (11) . Embryo extract was prepared each week by homogenizing 10-day chick embryos in an equal volume of Earle's balanced salt solution. Horse serum was heat-inactivated by incubation at 560 for 0.5 hr.
Embryo extract and heat-inactivated horse serum were centrifuged for 90 min at 27,000 X g before use.
Histology. Ciliary ganglia from 8-and 15-day-old chick embryos were dissected with a small portion of the retina and optic nerve attached for ease of handling. The ganglia were fixed for 10 min in Carnoy's fixative, dehydrated in graded ethanol solutions, cleared in amyl acetate and benzene, embedded in paraffin, and serially sectioned at 5 or 7 ,gm. Sections were stained with Harris's hematoxylin and eosin.
Cell Counts. Surviving neurons in culture were counted by viewing dishes at X200 magnification with phase contrast optics. Fifty fields of view were counted for each culture; the fields were uniformly spaced across the surface of the dish and represented 3.7% of the total surface area. Only cells with round, phase-bright cell bodies and processes longer than 50 ,m were counted as neurons. Neurons displayed these distinguishing features within a few hours after plating. The number of neurons found was proportional to the number of ciliary ganglion cells used initially to seed the cultures, over the concentration ranges examined (5 to 15 X 103 per 35-mm dish). To exclude the non-neuronal cell population from calculations on neuronal survival in culture, the number of surviving neurons in all cases was expressed as the number per ganglion equivalent (i.e., per 1.2 X 104 dissociated cells) used initially to seed the culture.
Neurons were counted in serial sections of whole 8-and 15-day ciliary ganglia; the criteria of Landmesser and Pilar (3) were used to identify neurons. Values were corrected for duplicate counting by the method of Abercrombie (10) .
Electrophysiology. Electrophysiological experiments were performed on the stage of an inverted microscope (Leitz, Diavert) equipped with phase contrast optics. Cultures contained minimal essential medium supplemented with 0.10 mM choline, 2 mM CaCl2, 10 mM Na acetate, glucose at 4 g/liter, pencillin at 50 units/ml, and streptomycin at 50,gg/ml and were maintained at 34°-36°and pH 7.2-7.4. Intracellular microelectrodes (40-80 Mg filled with 3 M K acetate) were used to record from neurons and muscle fibers and to stimulate neurons intracellularly. In some experiments, neurons were stimulated extracellularly by using a 2-to 3-lum tip, fire-polished micropipet filled with 0.2 M NaCl and positioned over the neuron cell body or axon.
RESULTS
Morphological Development. Dissociated ciliary ganglion neurons from 8-day chick embroys survived for more than 6 weeks in cell culture when grown with skeletal myotubes. The neurons rapidly attached to the substratum and extended processes within the first few hours (Fig. 1) . The mean cell diameter for neurons in culture increased from 17 teristic shape of their cell bodies and by their long processes (Fig. 1) . Intracellular stimulation of such cells in cultures 1-2 weeks old evoked conventional overshooting action potentials (see below), as expected for neurons.
When ciliary ganglion cells from 8-day-old embryos were grown in culture with skeletal myotubes, the number of surviving neurons remained constant over the entire 3-week period examined (Fig. 2) . Survival at longer times was difficult to quantitate because of proliferating fibroblast-like cells. Combining the data from all culture ages over the 3-week period, the number of surviving neurons per ganglion used for the cell preparation was 5900 + 200 (mean + SEM; number of cultures = 80). For comparison, the numbers of ganglionic neurons present in ovo at the time of cell preparation (8-day embryos) and after cell death had occurred (15-day embryos) were determined by counting stained cells in serial sections of intact, fixed ganglia. The number of neurons per 8-and 15-day ganglion was 5300 + 450 (n = 4) and 2800 ± 570 (n = 3), respectively (mean i SEM, n = number of ganglia). These numbers are in reasonable agreement with the values of 6500 and 3200 previously reported by Landmesser and Pilar (1) and confirm their finding that approximately half of the neurons die in ovo. Thus, nearly all of the neurons present in 8-day embryonic ciliary ganglia were accounted for in dissociated cell culture with muscle cells, and the neurons survived beyond the critical period in ovo.
In three experiments, dissociated ciliary ganglion neurons were prepared from 14-day-old embryos and grown with skeletal muscle cells. The number of surviving neurons per ganglion used for the cell preparation was 2700 + 200 (number of cultures = 17) . No decline in neuronal survival was observed over a 2-week period. Therefore, as with 8-day embryos, essentially all of the neurons present at the time of cell preparation withstood dissociation and survived in culture with myotubes.
In contrast to the results obtained with neuron-myotube cultures, ciliary ganglion neurons grown alone on polyornithine-coated dishes with heart-conditioned medium did less well. Although many neurons attached to the substratum and extended processes in the first 24 hr (Fig. 1) , very few neurons remained after 5-6 days ( Fig. 2; ref. 7) . Similar results were obtained with collagen-coated dishes (data not shown).
Formation of Neuromuscular Synapses. The dissociated neurons formed functional synapses on muscle cells. Occ §-sionally, myotubes contacted by neurons twitched in a briskand repetitive manner. Intracellular recording from myotubes revealed brief, spontaneous depolarizations, some of which were large enough to elicit muscle action potentials. Stimulation of a neuron with an extracellular microelectrode (2-3 gm tip) could repeatedly evoke postsynaptic potentials (PSPs) in a nearby myotube contacted by the neuron (Fig. 3) . Repositioning the stimulating electrode a few micrometers away from the neuron but near the myotube failed to elicit the responses, confirming that they did not arise from a direct electrical stimulation of the myotube. Evoked PSPs were blocked by exposing the cells to a-bungarotoxin (0.4 ,ug/ml) or d-tubocurarine (50 ,g/ml) as expected for synaptic responses mediated by the acetylcholine receptors of skeletal muscle. Blockade by d-tubocurarine was reversed by perfusion of the culture with medium lacking the drug (Fig. 4) . Synaptic transmission was detected with extracellular stimulation as early as 20 hr after addition of dissociated ciliary ganglion cells to muscle cell cultures.
Intracellular stimulation was used to estimate the fraction of neurons that innervated myotubes. Neurons were selected that appeared to have processes terminating on a myotube in the same field of view. The neuron was stimulated with brief depolarizing current pulse from an intracellular microelectrode (0.05-0.2 msec, 1-10 nA) and the evoked PSPs in the myotube were recorded with a second intracellular microelectrode. In the example shown in Fig. 5 , stimulation of the neuron repeatedly evoked muscle PSPs large enough to trigger action potentials. About 70% of the neurons tested in this manner in cultures 1-2 weeks old elicited PSPs in myotubes (18 of The mechanism underlying the rescue of ciliary ganglion neurons in culture is of considerable interest. One possibility is that neuromuscular synapse formation is required for survival and, in ovo, the availability of postsynaptic targets for the neurons is restricted (2, 3) . Within the limits of the assay used, it is probable that all of the neurons innervated at least one muscle cell in culture. Although tested neurons were selected on the basis of having visible processes terminating on nearby myotubes, it is unlikely that this biased the selection in favor of a functional subpopulation of neurons. We cannot exclude the reservation, however, that some tested neurons evoked muscle responses only through an indirect, polysynaptic route because we have not yet determined whether ciliary ganglion neurons form synapses on each other under these conditions as do rat superior cervical ganglion neurons in culture (12, 13) . Parasympathetic neurons in whole ganglia do form synapses on each other when their normal presynaptic input is removed (14) .
Several results indicate that formation of neuromuscular synapses may not be obligatory for survival of ciliary ganglion neurons. Helfand et al. (7) showed, and we have confirmed, that heart-conditioned medium permits the survival of neurons over a short period in vitro (3-6 days (16, 17) , although neuronal survival was not affected in these cases. Non-neuronal ganglionic cells did augment the survival of dorsal root ganglion neurons in culture (18) . It may be significant that, in cultures seeded with ciliary ganglion cells, few non-neuronal cells survived in the absence of muscle. From the morphological characteristics of the neurons and from the total number of neurons present, it appears that both the choroid and the ciliary neuron populations survived in culture. It remains to be determined whether the two populations innervated myotubes to the same extent; the method of testing for neuromuscular synapse formation may have favored one population as discussed above.
The culture system described here should provide an opportunity for identifying the developmental requirements of parasympathetic neurons and may shed light on processes governing neuron death in vio.
